The direct fluorescent-antibody technique was employed to determine the distribution patterns of four species of methanogens in the sediments of Lake Erie and Cleveland Harbor. Methanobacterium ruminantium was the most numerous methanogen found in regions of high-organic-silt sediments. The population of this species ranged from 106 to 109 cells/g of dry sediment. Methanobacterium strain MoH and Methanosarcina barkeri were identified in sand-silt, clay, or sand sediments. These methanogens ranged in density from 106 to 107 cells/g of dry sediment. Methanospirillum hungatii was observed only after an organic enrichment was performed on Cleveland Harbor sediments. The seasonal and selective sediment distribution of these methanogens appears to be related to the type and concentration of carbon as substrate as well as to the activities of heterotrophic and sulfate-reducing bacteria.
The methanogenic bacteria have been receiving increasing attention. Much of this attention has centered on the biochemistry of these fastidious anaerobes, whereas less has centered on their distribution in nature.
The first significant attempt at enumerating the methanogenic bacteria in the natural environment was reported by Heukelekian and Heineman (12) , who estimated the population of methanogenic bacteria in sewage solids by using an appropriately modified most-probable number (MPN) technique. Belyaev and Finkel'shtein (2), Belyaev (1), Siebert and Hattingh (18) , and Smith (20) have utilized similar methodologies for determining the population size of methanogens in various natural environments.
More recently, some authors (16, 19, 21, 27, 29) have characterized the genera of various methanogenic bacteria by nutritional and morphological traits. Although these nutritional and morphological traits as well as the most-probable number techniques have sufficed for general surveys of methanogenic populations, a more accurate, rapid methodology for studying these organisms in the natural environment is needed. Such a method is that employing the fluorescent-antibody (FA) technique. This technique has been used to study other microbial populations, but there are only two reports of the application (23, 25) of the FA staining methodology to the methanogenic bacteria. Strayer and Tiedje (23) have employed the FA staining procedure to study a methanogen which they isolated from Wintergreen Lake, whereas Ward and Frea (25) have applied this staining technique to four species of known methanogens which occur in the natural environment.
The purpose of this paper is to report on a survey by FA methodology of the seasonal and sediment distribution of a select number of known methanogens which occur naturally in the sediments of Lake Erie and Cleveland Harbor. The autofluorescence characteristic of the methanogenic bacteria (15) and the nonspecific adsorption of the FA to soil particles were effectively blocked by applying rhodamine isothiocyanate-conjugated bovine serum albumin (Microbiological Associates).
MATERIALS AND METHODS
Collection and processing of sediment samples. Sediment for the FA analysis was collected by a Ponar sediment sampler. When appropriate, a sediment subsample was collected to a depth of approximately 2.5 cm by a modified 1-or 5-cm3 syringe. The subsample was stored in a serum bottle at -20°C until analysis. At the time of analysis, the subsample was thawed at room temperature, and depending on the sediment type, volume, and density, it was either used undiluted or diluted in sterile saline (usually 2 ml of sediment per 18 ml of saline). A 0.01-ml quantity of the appropriately treated sediment was spread over a 1-cm2 area of a microscope slide. The smear was heat fixed and stained with the FA reagents, and the FAspecific population was observed and quantitated by previously reported procedures (25) . Duplicate slides were done on each station and enumeration of the FA population was performed by counting the cells in fifty fields. The results are an average of these counts.
During the Cleveland Harbor survey, organic and inorganic enrichment cultures were used to increase the sensitivity of the FA technique. The organic medium was that which was employed for the maintenance of the pure cultures. The inorganic medium was composed of the following (per liter): K2HPO4, 1.0 g; KH2PO4, 1.0 g; NH4Cl, 1.0 g; NaCl, 2.0 g; NaHCO3, 6 .0 g; CaCl2, 0.1 g; MgSO4. 7H20, 0.1 g; resazurin, 0.0001%; and cysteine-sodium sulfide reducing agent, 0.125%. Both enrichment media were purged with 80:20 H2-CO2 and maintained anaerobically on a 37°C shaker.
The enrichment cultures were inoculated with 1 or 2 drops of the interstitial water in the sediment and were incubated with shaking at 37°C for 7 to 10 days. Methane in the headspace was determined by flame ionization gas chromatography. Inorganic enrichments resulted in sparse, flocculent growth, whereas the organic enrichments supported extremely turbid growth.
These enrichment cultures were used directly for preparing heat-fixed smears which were processed by the same methods which were used for untreated sediments. Enrichments were recorded as positive, the enrichment of a methanogen, or as negative, the lack of enrichment.
Location of sampling sites. During this survey, two distinct regions of Lake Erie were monitored for the distribution of the known methanogens. A general survey was performed on the central and western basins of Lake Erie. Seven stations were located in the shallow, eutrophic westem basin, whereas 11 stations were confined to the deeper, potentially stratified central basin (Fig. 1 ). These open lake stations were periodically sampled at the following times between June and December 1975: (i) 9 June to 19 June; (ii) 13 July to 20 July; (iii) 27 August to 7 September; and (iv) 4 December to 10 December.
During the Cleveland Harbor investigation, a series of 16 stations was surveyed for a methanogenic population. Of these, eight stations (stations 1 through 8, Fig. 2) were further characterized by the enrichment procedures. Stations 9 through 14 were located outside the Cleveland breakwall and were not used in the enrichment survey. This harbor study was performed during July 1975.
RESULTS
The most numerous and widely distributed methanogen in the Lake Erie ecosystem was M. ruminantium. This methanogen was observed in both the western and central basins as well as in the highly eutrophic Cuyahoga River. (Table 3) . tional and physical parameters which significantly influence the distribution of these bacteria in the natural environment.
To understand better what factors may be responsible for these observed distribution patterns in the Lake Erie sediments, the population data obtained during this survey may best be discussed in relation to the extensive Lake Erie surficial sediment data reported by Thomas et al. (24) .
The sediment distribution of M. ruminantium was restricted to the central regions of the central basin and to one isolated locale in the westem basin at Kingsville (station 66). Thomas has characterized both of these regions as being composed of postglacial muds which contain from 2 to 4% (dry weight) organic carbon (Table 3) , whereas the inorganic carbon content ranges from 0 to 0.5% for the central basin locale and 1 to 2% carbonate for the Kingsville sediments.
The Eh values (at 1.5 cm sediment depth) were as follows: -50 mV at the south central basin, 0 to 100 mV at the center of the central basin, and 200 mV at the western basin locale. Methanobacterium strain MoH populations were identified in glaciolacustrine clay, postglacial muds, and sand-mud mixtures. The organic content of these regions ranged from <1 to 4%, whereas the carbonate varied from 0 to 3%. Eh values for these regions rarely exceeded 100 mV ( Table 3 ). The methanogenic sarcina strain was predominantly observed in the glaciolacustrine clay and sand-mud mixture which contained various concentrations of organic carbon (<1 to 4%) but which always had abundant carbonate (1 to 3%).
The available form of carbon may influence the methanogenic population. M. ruminantium has a requirement for acetate for growth (5); thus it would seem reasonable to find this methanogen in high organic regions. Indeed, this organism was seldom observed in sediments with less than a 2 to 4% organic content. Conversely, M. barkeri was identified in sediments which contained various concentrations of organic and inorganic carbon, but the major point of interest was that the sarcina could grow abundantly in sand or clay-sand sediments of low organic (<1%) but high inorganic carbon (2 to 3%; Stations 24 and 27). Similarly, Methanobacterium strain MoH appeared to grow well in either high or low organic/inorganic sediments.
These generalizations are reinforced by the Cleveland Harbor study. M. ruminantium was observed only in the fine-silt sediments of the eutrophic Cuyahoga River which can be characterized as high organic sediments. The only other methanogen observed in the untreated harbor sediments was Methanobacterium strain MoH at sand-silt stations 6 and 8.
The seasonal variations in the methanogenic populations were fairly consistent among the species, and some noticeable trends were observed.
First and of primary importance is that during development of reducing conditions in the central basin (August 1975) the M. ruminantium sediment population decreased to below the detection limit of the FA methodology employed (i.e., less than 5 x 105 cells/g of dry sediment). This decrease in the population corresponded well with the decrease in dissolved methane in the hypolimnion during this period (T. E. Ward, M.S. thesis, The Ohio State University, Columbus, 1977) .
In an earlier bacterial survey, Menon et al. (14) determined the densities of various aerobic and anaerobic bacterial species in the water column and at the sediment water interface at specified regions of the Lake Erie central basin during summer stratification. Menon estimated that the densities of sulfate reducers (Desulfovibrio species) at the sediment-water interface increased from 104 cells/100 ml of water to greater than 106 cells/100 ml during the survey period (28 July to 26 August 1970) . The increase of these sulfate reducers resulted in the concomitant formation of patches of ferrous sulfide (3, 6) in the sediments. Thus, if one assumes that a similar increase in sulfate reducing activity occurred during the 1975 season, it appears that the sulfate reducers may have some effect on the development of a methanogenic population. Cappenberg (7) (8) (9) (10) has provided extensive discussions concerning the interrelations between sulfate reducing and methane producing bacteria. He suggests that the sulfide accumulation may be toxic to the methanogens.
Winfrey and Zeikus (26, 28) have confirmed that sulfide accumulation is toxic to methanogenic populations. In their study (28) , it was shown that 5 ,ug of sulfide per ml stimulated methanogenesis from acetate. Higher concentrations of sulfide resulted in increased levels of inhibition, whereas 25 ,ug of sulfide caused 94% inhibition of methane production.
Bryant et al. (4) and Winfrey and Zeikus (26) have independently suggested that sulfate reduction may result in an altered electron and carbon flow in the environment. Bryant et al. (4) demonstrated that when a Desulfovibrio and a Methanobacterium species were cocultured in low-sulfate media, the sulfate reducer oxidized lactate (and ethanol), which resulted in the production of H2, acetate, and CO2. This reaction was thermodynamically favorable only when the H2 was continually removed by the methanogen. Conversely, when these two populations were cocultured in high-sulfate media, the Desulfovibrio preferentially reduced the sulfate. Thus, sulfate-inhibited methanogenesis was suggested to be due to the preferential flow of electrons to sulfate rather than to CO2 via H2. Whether this flow is limited by thermodynamic or spatial reasons has to be resolved; nevertheless, it was shown that exogenously added H2 reversed this inhibition. Thus, it appears that sediment methanogenesis may be H2 limited. Winfrey et al. (27) have shown that methanogenesis is, indeed, H2 limited in Lake Mendota sediments.
The absence of a detectable population of M.
ruminantium (greater than 5 x 105 cells/g) in Lake Erie sediments during late summer when an active population of sulfate-reducing bacteria is present may be the result of the theorized altered electron and carbon flow induced by the sulfate reducers. The data presented here correspond well with those for methanogenic populations published by Zeikus and Winfrey (30) for Lake Mendota and to those reported by Strayer and Tiedje (23) for a natural isolate in Wintergreen Lake. In the work of Zeikus and Winfrey, it was shown that a Methanobacterium species was the predominant methanogen in Lake Mendota sediments. The population data in this survey indicate this is also true for the Lake Erie ecosystem. M. ruminantium was the most numerous and widely distributed methanogen in the lake proper. This methanogen was identified only in high organic sediments, a fact which reflects the complex nutritional milieu this bacterium normally finds in its other natural environments (sewage and rumen contents).
The nutrients which may be responsible for Finally, the population densities of these methanogens during the winter (December)
were not greatly different than those during the summer. This apparent abnormality can be explained by the fact that, even during the warmer summer months, the hypolimnion of the central basin ranged in temperature from 6.0 to 9.5°C, whereas during December the temperature of the bottom water was similar, 5.75 to 7.75°C.
In conclusion, the application of FA techniques to the study of the ecology of these fastidious anaerobes may increase our knowledge of their selective sediment and seasonal distributions. Also, since many regions of Lake Erie and Cleveland Harbor contained relatively sparse distribution patterns of these known methanogens, it appears that other, serologically distinct methanogens may contribute significantly to the lake methanogenesis. The application of the FA methodology to these naturally occurring methanogens should increase our knowledge of aquatic methanogenesis.
